We explore the potential of Tb-and Yb-doped InVO 4 , InTaO 4 , and InNbO 4 for applications as phosphors for light-emitting sources. Doping below 0.2% barely change the crystal structure and Raman spectrum but provide optical excitation and emission properties in the visible and near-infrared (NIR) spectral regions. From optical measurements, the energy of the first/second direct band gaps was determined to be 3.7/4.1 eV in InVO 4 , 4.7/5.3 in InNbO 4 , and 5.6/6.1 eV in InTaO 4 . In the last two cases, these band gaps are larger than the fundamental band gap (being indirect gap materials), while for InVO 4 , a direct band gap semiconductor, the fundamental band gap is at 3.7 eV. As a consequence, this material shows a strong self-activated photoluminescence centered at 2.2 eV. The other two materials have a weak self-activated signal at 2.2 and 2.9 eV. We provide an explanation for the origin of these signals taking into account the analysis of the polyhedral coordination around the pentavalent cations (V, Nb, and Ta 7,8 All these applications are intimately related to the electronic band structure of the material. By modifying the electronic band structure, the optical and electronic properties of a given material can be tailored for specific applications. Several methods can be chosen to tune materials properties, such as high-pressure techniques, 9−14 ion irradiation, 15,16 and doping. 2, 3, 17 In particular, mechanical techniques modify material properties by deforming the lattice of the crystal. In contrast, chemical techniques, such as doping, modify the crystal structure very slightly for a doping below 1%, thus remaining the structure almost identical to the undoped sample.
■ INTRODUCTION
Light-emitting diodes (LEDs) have attracted much attention in recent decades because of their properties of high brightness. 1 Lanthanide-doped oxides are suitable materials for these applications, particularly because of its robustness and flexibility for hosting different dopants. 1 Indium metal oxides with InMO 4 (M = V 5+ , Nb 5+ , Ta 5+ ) stoichiometry are included among them. These compounds are of interest not only because of its potential use as phosphors for LEDs 2, 3 but also because of their ability to act as photocatalytic materials 4−6 and gas sensors. 7, 8 All these applications are intimately related to the electronic band structure of the material. By modifying the electronic band structure, the optical and electronic properties of a given material can be tailored for specific applications. Several methods can be chosen to tune materials properties, such as high-pressure techniques, 9−14 ion irradiation, 15, 16 and doping. 2, 3, 17 In particular, mechanical techniques modify material properties by deforming the lattice of the crystal. In contrast, chemical techniques, such as doping, modify the crystal structure very slightly for a doping below 1%, thus remaining the structure almost identical to the undoped sample. 2, 3, 17 However, the dopant, even in very small proportions, introduces localized electronic levels that have a significant impact on the electronic and optical properties. In this context, it has been demonstrated that doping InMO 4 (M = V 5+ , Nb 5+ , Ta   5+ ) materials improves their performance as photocatalysts. 18−22 Moreover, they have also shown to be good host materials for rare earth (RE) ions, being the luminescence properties useful for LEDs. 2, 3, 23, 24 The crystal structures of indium niobate (InNbO 4 ) and indium tantalate (InTaO 4 ) are isomorphic and belong to the monoclinic space group P2/c of the wolframite structure (see Figure 1 , left). [9] [10] [11] 25 The structure has two formulae per unit cell (Z = 2); Nb(Ta) 5+ occupies the 2e sites, while In 3+ occupies the 2f sites. Both Nb(Ta) and In cations feature a 6-fold coordination. In fact, both InO 6 and Nb(Ta)O 6 octahedral units are the building blocks of the structure because the crystal structure is constructed by edge-and corner-sharing of InO 6 and Nb(Ta)O 6 zigzag chains parallel to the c direction and layered in the a direction.
Indium vanadate (InVO 4 ) crystallizes in the orthorhombic space group Cmcm (Z = 4) with In 3+ and V 5+ atoms occupying 4a and 4c sites, respectively. 26, 27 The structure is composed of InO 6 octahedral units and VO 4 tetrahedral units as building blocks. InO 6 octahedra are edge-sharing along the c axis, forming chains that are connected through VO 4 tetrahedral units (see Figure 1 , right). The octahedral units are more regular than the ones in the wolframite structures of the other compounds, and VO 4 units are not linked between them.
It has been recently shown that InVO 4 , InNbO 4 , and InTaO 4 are wide band gap semiconductors. 10 These studies clarified the discrepancies reported in the literature about their band gap energy (E g ) and about their band gap nature. Many of the controversies were due to a wrong assignment of the fundamental absorption edge to the absorption of light by defects. 9, 10 InVO 4 was shown to be a direct band gap semiconductor along the Y → Y direction with an E g of 3.62(5) eV, whereas InNbO 4 and InTaO 4 are indirect semiconductors along the Y → Γ-B direction with E g values of 3.63(5) and 3.79(5) eV, respectively. In all the compounds, states at the bottom of the conduction band (CB) are dominated by V 3d, Nb 4d, or Ta 5d, and O 2p states dominate the upper part of the valence band (VB).
Extensive experimental and theoretical works on doping InVO 4 , InNbO 4 , and InTaO 4 compounds by using nonmetal and metal elements have been reported. 17 4 , and InTaO 4 can be self-activated phosphors depending on the synthesis process, which can lead to modification of the morphology, pH, and M/In molar ratio and consequently of the luminescence properties. 28,31−33 Here, we report a detailed study on the luminescence and optical properties of InMO 4 (M = V 5+ , Nb 5+ , Ta 5+ ) compounds by comparing undoped materials and materials doped with Tb 3+ or Yb 3+ RE ions. The self-activated luminescence of the undoped samples and the influence of the host lattice in the characteristic green and near-infrared (NIR) region emission lines of Tb 3+ and Yb 3+ , respectively, are also studied.
■ RESULTS AND DISCUSSION
Structural and Vibrational Analysis. X-ray diffraction (XRD) patterns of all doped samples were collected in order to determine the crystal structure and purity and were compared to the XRD patterns of the undoped samples previously reported. 9, 11, 12 Table 2 and Figure 2 show the Rietveld refinement results and the XRD patterns (bars/columns under data represent the simulated XRD of undoped orthorhombic InVO 4 Table 2 ). Even though RE ions possess bigger ionic radii than In 3+ , it is observed that there is a small diminution of the lattice parameters leading to a reduction of the unit cell volume less than 1%, contrary to what would be expected (see Table 2 ). These variations of the lattice parameters could be ascribed to a distortion of the octahedral units when a foreign RE element is introduced into the crystal structure, which reduces the unit cell volume to accommodate the RE ions. As we will see later, these modifications will be reflected in the self-activated PL properties of the materials.
Raman measurements also support XRD observations. As can be seen in Figure 3 , the Raman signal of the doped samples is similar to that of the previously reported undoped samples. 9, 11, 12 Although the dopants slightly modify the unit cell, no appreciable shifts or broadenings of the peaks were observed on the results. This is due to a small local disorder introduced in the crystalline network. Notice that if the dopants were located at interstitial sites, that is, not substituting indium, more important changes (likely with the appearance of new Raman modes) could have been found in the Raman spectrum. Therefore, Raman measurements support the claim that the RE atoms substitute In. Regarding the small changes in Raman frequencies, this can be related to the small unit cell volume change associated with doping. The reduction of the unit cell volume due to dopants can be seen as the effect of an external applied pressure to the material equivalent to 0.64, 1.14, and 0.7 GPa for InVO 4 , InNbO 4 and InTaO 4 , respectively.
9−12 These pressures would shift the Raman modes about 3−5 cm ; however, we have observed all the shifts to be lower than 2 cm
, that is, within the instrumental resolution.
Thus, doping the sample with Tb 3+ or Yb 3+ does not modify appreciably the phonon frequencies of the compounds studied here. This also supports that RE are substituting the In 3+ atoms, what excludes the possibility that they are placed in an interstitial position, which would, in principle, could give rise Figure 4 . The optical reflectance measurements for all samples are similar (see Figure 4 , top), showing a broad asymmetric band feature from 2.8 to 4.6 eV with a maximum around 4.1 eV. For comparison, the calculated reflectance (R) has been also included. These data have been estimated using the calculated refractive index (n) by Mondal et al. 42 and using the Fresnel equation in the special case of normal incidence when the sample is immersed in air:
The trend in the calculated reflectance is in good agreement with the observed spectra. However, due to the use of two different functionals, there is displacement of band gap energy from 3.13 eV with density functional theory calculations to 4.02 eV with tight binding calculations.
The broad asymmetric reflectance band can be well described by two Gaussian functions peaking at 3.7 and 4.1 eV. According to Mondal et al., 42 this energy region is due to the direct allowed interband transitions between the valence band and conduction band states caused by the charge transfer (CT) from O(p) to V(d) atoms inside the tetrahedral units. Thus, following previous results, we attribute these maximums to the two first direct optical allowed transition of InVO 4 at the Y → Y and Γ → Γ points of the Brillouin zone (BZ). 10, 27, 42 The first direct transition value is in very good agreement with the energy gap value determined from our optical absorption measurements (E g = 3.6 eV) 10 and consistent with the direct band gap nature. A reflectance maximum requires a strong optical absorption onset, which is the signature of an allowed direct transition. On the contrary, in indirect transitions, the optical transitions are very weak due to the need of phonon participation to conserve the momentum. Therefore, in direct gap semiconductors, the reflectance maximum and the fundamental absorption edge are expected at a similar energy. However, in indirect gap semiconductors, the first maximum of the reflectance corresponds to the first direct allowed transition, which is at a much higher energy than the indirect 
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Article transition as it will be seen for the other two materials studied here.
The photoluminescence excitation (PLE) results are similar for all samples, showing a broad band starting at 3.4 eV and peaking around 4.1 eV (see Figure 4 , bottom, short dasheddotted line). For the PL signal, a very broad band similar for all the samples is seen peaking at 2.2 eV in the visible region (see Figure 4 , bottom, solid line). InVO 4 is a self-activated phosphor material due to the CT inside the vanadate group VO 4 3− . The vanadate oxoanion in a distorted tetrahedral coordination different from the ideal T d symmetry where the transitions are spin-forbidden, presenting a self-activated luminescence due to the spin−orbit interaction that makes partly allowed the transitions. 43−45 In our case, the tetrahedral vanadate presents two different bond distances to the oxygen atoms, which makes the T d symmetry degraded to the subgroup C 2v , giving rise to luminescence.
The PLE spectra show that the self-activated PL is excited by band to band transitions. These transitions were attributed to the direct transition from the ground state ( 1 A 1 ) due to the oxygen 2p localized states to the excited Teltow (T) levels of the 3d vanadate states (see Figure 5 , top). Due to the 3d metal character, the first excited level gives rise to four states, which, following the same nomenclature as in literature, are called In ref 46 , a modest absorption in the visible light region above 2.5 eV was observed due to the existence of oxygen vacancies and defects in the InVO 4 compound. However, they interpreted the observed luminescence as a consequence of these defects, forming a donor−acceptor pair that involves a deep donor state located at ∼0.7 eV below of the conduction band and an acceptor state that is located at ∼0.3 eV above the valence band. As it is discussed above and in ref 47 , the luminescence is due to the CT inside the VO 4 group and not to lattice defects or impurities as color centers. Instead, these defects or impurities play a role in the luminescence efficiency and exciton lifetime because they act as trap centers. Thus, the strong luminescence, a consequence of the distorted tetrahedral vanadate, could be affected by the presence of defects such as oxygen vacancies.
A small shift (<0.1 eV) can be observed in the PLE measurements, which could be attributed to the effect of the concentration and the distortion grade of the VO 4 3− groups, which affects the lattice parameters and influences the energy level positions of the excited states Only the self-activated PL emission from the host material was observed in the visible region, without any signal from the characteristic green emission lines of Tb 3+ , which lay in the same spectral region (see Figure 5 , bottom). However, in a 
Article previous work, 8 it has been observed that there are characteristic Eu 3+ lines even when InVO 4 was doped with concentrations below to 2%. Different reasons have been suggested to the suppression of the emission lines of Tb 3+ such as an inefficient energy transfer from the host material to the RE ions, a significant back-transfer rate, or a loss mechanism due to the Tb−V interaction via intervalence absorption. 48, 49 For the InVO 4 :Yb sample, the PL signal was detected in the NIR (see Figure 4, Figure 5 , top). The proposed PL mechanism is as follows (see Figure 5 , top): the UV photons are absorbed by the VO 4 3− groups in the host matrix (fundamental absorption from O 2p in the valence band to the V 3d levels in the conduction band generating an electron−hole pair), which transfer part of the energy to the Yb 3+ ions by a nonradiative mechanism (the remaining energy is self-emitted), in which the electron−hole is captured by Yb 3+ ions. The excited Yb 3+ ions come back to the ground state through a radiative transition (due to the thermal motion, all A n (n = 1, 2, 3) levels are populated, and consequently, emissions from all of them are expected). 50 Figure 6 shows the reflectance (top) and photoluminescence (bottom) spectra of InNbO 4 , InNbO 4 :Tb, and InNbO 4 :Yb samples. The calculated reflectance is also included, as estimated from the dielectric function calculated by Li et al. 51 and using eq 1 once the refractive index was calculated using the approximation ε ≈ n 1 , where ε 1 is the real part of the dielectric function. Despite the displacement due to the different functional used, the calculated reflectance describes well the experimental trend.
The optical reflectance spectra are similar for all the samples, showing two features around 4.7 and 5.3 eV. We identify these energies with the direct transitions from the VB to the CB at Γ → Γ and Z → Z points in the BZ, respectively. 10 These transitions yield different contributions to the dielectric function in different directions (anisotropic material), specifically for the xx component of the dielectric tensor, which show a shift to higher energies of the maximum with respect to yy and zz components. 51 The PLE spectrum of undoped InNbO 4 , in the measured range, shows a PLE peak with a maximum centered at 4.6 eV. This energy matches the direct transition observed by optical reflectance, and it is due to the charge transfer from the filled oxygen p states to the empty niobate d states inside of the octahedral unit NbO 4 3− . 23, 28 However, due to the limitations of the PLE setup, we cannot observe the second maximum at a higher energy. From our previous work, 10 we know that InNbO 4 is an indirect wide band gap semiconductor with the valence band maximum (VBM) at the Y point and the conduction band minimum (CBM) in a point between the Γ and B direction of the BZ. Our optical absorption measurements yield an indirect energy gap value of 3.6 eV, which is smaller than the values found by PLE and optical reflectance. This is due to the indirect gap nature of the material as discussed previously.
For undoped InNbO 4 , no fluorescence was found in the visible region (see Figure 6 , bottom). Blasse et al. 28 reported similar results for undoped InNbO 4 under UV radiation and only very weak blue emission at liquid nitrogen temperature. On the contrary, Feng et al. 52 found, in InNbO 4 nanofibers and nanoparticles, a significant PL signal centered at 2.9 eV. This value well corresponds with the features found in the PLE results of the doped samples.
The PLE measurements of the doped samples exhibit several features apart from the fundamental absorption at 4.6 eV. In the case of InNbO 4 :Tb, the fundamental absorption also lays at the same level as the 7 D J of the Tb 3+ ions where most probably overlap both absorption bands (see Figure 5 , bottom). In general, the excitation of Tb 3+ in the UV spectral region may have different origins. 53 It can be attributed to the charge transfer (CT) from the orbitals 2p of O 2− to the 4f of Tb 3+54,55 or to the spin-allowed transition between the 7 F 6 ground state and . 56, 57 The feature at 2.9 eV, which also has been observed for the InNbO 4 :Yb sample, could be related to impurity states (i.e., oxygen vacancies) introduced by the doping process or to a transition in the NbO 6 7− octahedral having an O h symmetry that give rise to self-activated luminescence (i.e., the intrinsic luminescence of the material, 
Article which does not originate from doping) in that region. 52, 58 These distorted octahedral units, with lower symmetry than that of the ideal octahedron, could be the responsible for the decrease in the lattice parameter observed by XRD measurements.
In the case of InNbO 4 :Yb, an additional band in the PLE spectrum is observed around 3.4 eV, which we called (E 1 ) in the energy level diagram (see Figure 5 , bottom). This band only was observed by monitoring the emission in the NIR region; thus, this level transfers all the energy to the Yb atom that in turn radiatively decays emitting the characteristic NIR lines of the Yb 3+ ions. This E 1 level is related to the CT band of the 2p orbital of oxygen to 4f orbital of Yb 3+ ions, which would directly populate the excited 2 F 5/2 level (see Figure 5 , bottom). 59, 60 The PL of the doped samples, besides the abovementioned feature around 2.9 eV, shows the characteristic green line emissions of Tb 3+ atoms due to the F 5 transition always has the largest probability. This fact comes from the largest values of the reduced matrix elements both the electric dipole and the magnetic dipole ones for this transition. 61 We do not observe the 5 D 3 → 7 F J luminescence, which is expected in the same spectral region around 2.9 eV. As commented previously, this feature is intrinsic of the material and not from the dopants. The 5 D 3 → 7 F J luminescence is expected to be obtained when Tb excitation takes place at higher energies because the large 63, 64 For the sample doped with Yb 3+ , the characteristic NIR lines were observed at the same energy as in the InVO 4 matrix but showing sharper emission peaks, suggesting a different interaction with the lattice and allowing a successful simulation from our crystal field calculation. Henderson and Imbusch showed that the electron−phonon coupling modifies the 4f electron wave-function description by introducing oppositeparity ones. 62 As a general result, the electron−phonon coupling takes part in many phenomena besides the vibronic sidebands, including shapes and widths of spectral lines and modification of the relaxation rates. 64 On this way, the different spectral shape obtained for the InNbO 4 (and for InTaO 4 , see further in the text) samples must be strongly related with the different (richest) phonon structures obtained in the Raman spectra for these samples.
Similar results are expected in the case of InTaO 4 as it has the same crystal structure as InNbO 4 . The reflectance (top) and photoluminescence (bottom) measurements of the InTaO 4 undoped matrix and the doped samples are presented in Figure 7 . As in InNbO 4 , the reflectance spectra exhibit two features around 5.6 and 6.1 eV, which are associated with the direct transitions at the same points in the BZ as in InNbO 4 , given the close similarity in the electronic band structure of both compounds. 9, 10 The calculated reflectance was estimated in the same way as in the InNbO 4 , showing that these maximums are an intrinsic feature of the dielectric function.
In the PLE measurement of the undoped sample, no maximum was observed due to the spectral range limitation. InTaO 4 is a wider indirect band gap semiconductor (3.75 eV) by comparison to InNbO 4 .
9,10 Thus, the direct transitions are expected to be at a higher energy than those in InNbO 4 . This is because the distances of Ta−O in the TaO 6 octahedra are smaller than those in the NbO 6 octahedra, which makes the band gap wider.
In the PLE results of doped samples, basically, the same two features as in InNbO 4 :Tb can be seen for InTaO 4 :Tb. These features are due to Tb +3 ion absorption bands, and no contribution of the host in this case is possible due to the position of the fundamental absorption band at higher energies. However, an additional band can be seen around 3.9 eV, which gives rise to a broad band luminescence in the visible region. This band can be clearly seen for InTaO 4 :Yb (see Figures 6 and 7 for comparison) , and most probably, in the case of InTaO 4 :Tb, this band overlaps with the selfabsorption band of the Tb +3 ion at 3.9 eV. This signal was only observed for doped samples and again can be attributed to the defects introduced by the doping process or probably the formation of an additional distorted TaO 6 7− octahedral site with symmetry C 3v as suggested by Chukova et al. 58 Brixner et al. 31 reports that a properly prepared InTaO 4 exhibits self-activated PL around 3 eV, and Zeng et al. 33 observed the PL signal for InTaO 4 nanofibers and nanoparticles with a broad peak centered at 2.7 eV. In our measurements, the weak PL signal around 2.9 eV for InTaO 4 (see Figure 7 , bottom) is due to the same process as discussed 
Article for InNbO 4 . A PL broad band from 1.7 to 2.6 eV is seen for InTaO 4 :Yb in the visible region. This can be due to a selfactivated PL of the host material associated with defects and vacancies, created by doping, as it is also present in the PL signal from InTaO 4 :Tb. However, this emission is not observed in InNbO 4 samples with O h symmetry. Thus, most probably in the tantalate structure, there are octahedra with C 3v symmetry that generate this additional excited and emission level in the matrix. 58 Similar as in InNbO 4 , the characteristic green emissions of Tb 3+ atoms in the visible region are also observed in InTaO 4 . About the NIR emissions of Yb 3+ , it can be noticed that the emissions are stronger in InNbO 4 than that in InTaO 4 when normalized to the predominant emission at 2.24 eV.
Concerning time-resolved measurements, the decay curves and lifetimes of the characteristic emission lines of Tb 3+ and Yb 3+ and the self-activated InVO 4 PL signal are shown in Figure 8 and Table 3 , respectively. All the RE 3+ emissions show double exponential decay, which is frequently observed when the excitation energy is transferred from the donor MO 4 3− (M = V, Nb, Ta) to the activator ion Tb 3+ or Yb 3+ in this case. 65 In nonheavily doped samples, the characteristic behavior of the luminescence decays shows a typical initial fast decay (related with the transfer mechanism and faster as higher the concentration is) followed by a long living tail (mainly associated with the pure radiative decay).
The decay time of the self-activated PL of InVO 4 shows similar values even when it is doped by RE 3+ ions, indicating that the decay time of the self-activated emission of (VO 4 ) 3− is not affected by doping. This behavior has been previously observed for Sr 3 La(VO 4 ) 3 when changing the doping concentration of Eu 3+ (no variation of the decay time was observed), and the values agree with the values reported in the literature for the self-activated emission of the VO 4 tetrahedral units embedded in different structures. 43, 66 43 The characteristic lifetime emission of the Yb 3+ in the NIR region (997 nm) is, in general, long-lived (around 1 ms), 67 which is consistent with our measured decay time for Yb 3+ ion in the InVO 4 host. However, when Yb 3+ is hosted in InNbO 4 or InTaO 4 , it shows similar values (0.2 ms) in both compounds due to the same environment of the RE ions in both isostructural compounds but with an unusual short decay time. Such a short lifetime could be attributed to the specific local environment or to a fast recombination such as defect states in these nanostructured materials. The short decay time could be a good feature for white LED application because it avoids saturation at a high excitation. 68 The lifetime of the characteristic emissions of Tb 3+ in the visible region (550 nm) shows similar values in both InNbO 4 and InTaO 4 and is consistent with other compounds 69 due to the same environment of the RE as we commented previously for the case of Yb 3+ ions. An interesting fact to explore in the future is the influence of the difference of maximum phonon energies in lifetime differences. 9, 11, 12 Among the possible applications, these materials may be used as phosphors both in the visible and NIR spectral regions. In the visible region, an important parameter for the quality of the emitted color is given by the CIE chromatic coordinates. The calculated CIE (x, y) coordinates of InVO 4 , InNbO 4 :Tb, and InTaO 4 :Tb are shown in Figure 9 , while Table 4 lists the CIE coordinates values, correlation color temperature (CCT), color rendering indices (CRI), and the color emitted from each sample. In InVO 4 , as it is a self-activated phosphor, they are 
■ EXPERIMENTAL SECTION
Undoped InMO 4 (M = V 5+ , Nb 5+ , Ta 5+ ) powders were prepared by a solid-state reaction following the method reported in previous works. 9−12 The composition and purity of the samples were confirmed by energy-dispersive X-ray spectroscopy analysis (EDAX) using a transmission electron microscope operated at 200 kV. The crystal structure was verified by powder (XRD) measurements and Raman spectroscopy (RS) measurements at room conditions, and the results were previously published. 9, 11, 12 Polycrystalline 4 with the aim of obtaining good luminescence properties without affecting the crystal structure of the host material. For the doped tantalate and niobate, respective binary oxides were weighed in a stoichiometric ratio, thoroughly ground in a pestle and mortar, compacted by cold pressing into cylinders of 12.5 mm in diameter and 5 mm in height, and fired at 1100°C for 24 h in a box-type resistive furnace followed by another heat treatment at 1200°C for 24 h. For the vanadate, the first heating was carried out at 700°C for 24 h followed by second heat treatment at 850°C. All the samples are in a powder form.
Compositions were confirmed by EDS. The EDS measurements were performed using an Oxford Instruments X Max 80 EDS system attached to a Philips XL30ESEM. During EDS measurements, an accelerating voltage of 30 kV was employed. Since the samples are nonconducting, the ESEM was operated in environmental mode, where surface charge buildup on the sample was neutralized using water vapor. The accuracy of the EDS measurements was ensured by measurements of standard samples of known compositions in environmental mode. Each determination is the average of 32 runs, and at least three places were analyzed on each sample.
The crystal structures, as well as the possible structural modification introduced by the dopants, have been studied by XRD and RS techniques. For XRD measurements, a laboratory-based powder XRD using a rotating-anode generator (RAG) with a Mo (λ = 0.7107 Å) anode and a MAR345 area detector was used. RS measurements were excited with the 632.8 nm line of a He-Ne gas laser using a power of 2 mW. The scattered light was collected through a 50×/0.35 objective and sent to a Horiba Jobin Yvon LabRAM HR spectrometer with an edge filter cutting Raman signals below ∼50 cm −1
. The signal was dispersed by a grating of 1200 grooves/mm and detected by a thermoelectrically cooled multichannel chargecoupled device detector enabling a spectral resolution below 2 cm
For optical reflectance measurements in the UV−Vis−NIR at normal incidence, an optical setup consisting of a deuterium lamp, fused silica lenses, reflecting optics objectives, and a UV−Vis spectrometer was used. 
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Article Photoluminescence excitation (PLE) and emission (PL) spectra were recorded by an Edinburgh Instruments FLS980 photoluminescence spectrometer. A continuous-wave xenon lamp was used as an excitation source for steady-state measurements, coupled to a double-grating monochromator for wavelength selection. The light emitted from the sample was collected by a double-grating monochromator and recorded by a photon counting R928P photomultiplier tube cooled at −20°C in the visible spectral region and a R5509-73 photomultiplier tube cooled at −80°C in the NIR spectral region.
The PLE signal was measured by following the emission signal at 550 nm (2.25 eV) and in the case of samples doped with Yb 3+ also at 995 nm (1.25 eV). PL emission was measured in the visible region and in the case of samples doped with Yb 3+ and also in the NIR region by using 310 nm (4 eV) excitation.
Time-resolved PL emission was obtained in multichannel scaling (MCS) mode, exciting the sample by a microsecond xenon flash lamp with a pulse duration of 1−2 μs and a repetition frequency of 10 Hz by using the same PMT detectors described above. The decay time was measured for the same signals as in PLE measurements. All abovementioned measurements were carried out at room temperature.
Computational Methods. The energy level scheme of Tb 3+ and Yb 3+ ions inside the crystals was modeled using a parametrized one-electron Hamiltonian in the 4f n ground configuration. The usual description includes both the several superimposed atomic interactions, which generate the 2S+1 L J multiplets, and the effect of the crystal field felt by the shielded 4f shell electron, when a rare earth ion incorporates into a solid host. The crystal field reflects the local symmetry of the RE location and is responsible for the breaking down of the 
Most of the parameters in the atomic Hamiltonian (E AVE , F (k) , ζ 4f , α, β, γ, M (j) , P (k) , and T (r) ) were fixed to previously reported values in the present calculation. 35−37 Only E AVE , the Slater F 2 parameter (for Tb 3+ ), and the spin−orbit ζ 4f parameter are slightly varied to properly estimate the position and separation of the multiplets involved in the observed transitions.
The number of nonvanishing parameters in the crystal field Hamiltonian depends on the point symmetry of the rare earth site in the host. For the studied structures, and due to the similarity of their ionic radius, we can assume that the RE 3+ ion replaces the In 3+ ions in sites with D 2 local symmetry for InMO 4 (M = Ta, Nb) compounds or C 2h local symmetry for InVO 4 crystals. In these symmetries, the degeneracies of the 2S+1 L J multiplets are completely lifted. By appropriated selection of the crystal field quantization axis, and a subsequent suitable rotation around the z axis to get B′ 2 2 = 0, both symmetries can be described by a crystal field Hamiltonian having only 14 nonvanishing parameters. The crystal field Hamiltonian takes the form 
The CF parameters were calculated using a modified version of the simple overlap model (SOM) 38 that correlates the bond distance and the bond valence as in the usual bond valence model (details can be obtained from refs 14 and 39). The crystallographic positions of the In 3+ ion and its oxygen ligands obtained by ab initio calculations for every host matrix were used neglecting the small distortion of the In 3+ site when occupied by a RE 3+ ion. Following standard convention in the description of the crystal field interaction, the rotationally invariant crystal field strength parameter defined as The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acsomega.9b02862.
Crystal field parameters and crystal field strength values, calculated energy level positions for Tb 3+ and Yb 3+ ion in InNbO 4 , InTaO 4 , and InVO 4 , oxygen position and relative charge for oxygen ligands in In site used to obtain the crystal field parameters, graphical representations of the In local environment, and Miller indices, dspace, dispersion angle, and simulated X-ray diffraction intensity of InVO 4 , InNbO 4 , and InTaO 4 (PDF)
